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Ig65.-The effects of intravenously administered parathyroid extract and of a purified parathyroid hormone on urinary acidification and on solute excretion were measured in six thyroparathyroidectomized dogs, in three normal women, and in a patient with diabetes insipidus. Parathyroid extract and the purified parathyroid hormone produced an immediate rise in urinary pH and bicarbonate with a fall in titratable-acidminus-bicarbonate and in ammonia in all subjects. This was usually associated with a rise in urinary sodium and potassium. The changes in urinary acidification usually preceded any rise in glomerular filtration rate, and were associated with no increase in serum bicarbonate concentration. They also preceded a rise in the excretion of phosphate in most experiments, and thus did not depend on a rise in urinary buffer content. It is postulated that parathyroid hormone inhibits sodium-for-hydrogen ion exchange in the renal tubules, perhaps by interfering directly with the ability of the kidney to maintain a hydrogen ion gradient between the body fluids and the tubular urine. phosphate excretion urinary pH bicarbonate excretion
A LTHOUGH THE EFFECTS of parathyroid hormone on calcium and phosphorus metabolism have been widely investigated, less attention has been paid to its effect on urinary acidification.
In 1935, Ellsworth and Nicholson (12) reported an immediate rise in urinary pH, bicarbonate, sodium, potassium, and phosphate in normal male subjects following the injection of parathyroid extract (PTE), and postulated that the hormone produced an increase in the excretion of sodium, with secondary increases in phosphate and bicarbonate excretion. In r 951, Kleeman and Cooke (23) observed similar changes in urinary composition following the administration of PTE to two normal subjects, but drew no conclusions from this observation.
Recently Nordin (25) reported increases in urinary bicarbonate, sodium,
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potassium, chloride, and phosphorus following the administration of PTE, but could not determine whether the changes resulted from increases in glomerular filtration rate or from a direct action of the hormone on the renal tubules.
Since a separate action of parathyroid hormone on the renal tubular transport of sodium or hydrogen ions would have important physiological and clinical implications, experiments were performed to determine the pattern of solute excretion following the administration of PTE and of a purified preparation of parathyroid hormone, and to study the mechanism of action of the hormone in the kidney. The results suggest that parathyroid hormone inhibits the sodium-for-hydrogen ion exchange in the renal tubule, possibly by interfering transiently with the ability of the tubule to maintain a hydrogen ion gradient between plasma and tubular urine.
METHODS

AND MATERIALS
The subjects for this study consisted of three normal young women, a man with diabetes insipidus, and six thyroparathyroidectomized dogs trained to lie quietly during the performance of clearances. After thyroparathyroidectomy, the dogs were maintained on 60 g of calcium gluconate
and 120 mg of desiccated thyroid extract daily. All studies were performed between 8 AM and I PM so that circadian fluctuations in solute excretion (3, 24) would have a uniform effect. All studies were performed after a 12-hr fast. Subjects received a liter of water by mouth 45 min before the start of each experiment, and dogs 500 ml of 4 % fructose intravenously for go min before the start of each experiment to assure an adequate urine flow.
In all experiments "priming" and "sustaining" solutions of inulin and para-aminohippurate (PAH) were infused in 4 % fructose. Following several control periods, during which urine pH was stable or declining slightly, 2. In two subjects, the effect of changing the excretion of buffer in the urine was examined as follows: buffer excretion was decreased by feeding a low-phosphorus diet for IO days and aluminum hydroxide gel, 120 ml/day, for 4 days prior to the experiment.
These studies were compared with studies following IO days of a highphosphorus diet, to which sodium phosphate (NaeHP04: NaHzP04 = 4:1), 14 g/day, had been added. In the latter group, sufficient neutral isotonic sodium phosphate (pH 7.4) was given intravenously to raise the serum phosphorus concentration to 16 mg/roo ml during the clearance.
3. min, and the other changes in urinary composition uniformly occurred within the first 55 hr. Changes similar to those produced with PTE occurred in the studies in which the purified hormone preparation was used (Fig. I ) , a result which suggests that the changes in urinary acidification were not produced by contaminants in the Lilly extract. The results in normal human subjects were the same as those in the dogs (Fig. I) . The data from a typical study are shown in Table  I . In four separate experiments, PTE was administered twice, with similar changes in urinary composition.
Serum bicarbonate remained constant or declined slightly during the course of the study (Fig. 2) . Indeed, since many of these experiments were performed following the oral administration of ammonium chloride, serum bicarbonate was often low during the control periods.
In spite of this mild metabolic acidosis, PTE uniformly increased bicarbonate excretion. Changes in @osphorus excretion. Phosphorus (P) excretion usually began to increase by 40-80 min following the beginning of the PTE infusions. The change in urinary pH usually preceded or appeared in the absence of any change in urinary P. Indeed, in some studies urinary P showed an initial decline at a time when urinary pH had already risen substantially.
Furthermore, urinary pH had frequently begun to decline towards control values at the time excretion of P became maximal. In Fig. 3 , the changes in P excretion in the first 30 min after the start of PTE infusion are plotted against the sum HELLMAN, AU, AND BARTTER TA -HCO, + NH,; it is apparent that the effect of PTE on hydrogen ion excretion and that on P excretion are separate phenomena.
Changes in glomeruh filtration rate and renal pZusmu Jl0u.1. In accord with previous studies (2, rg, ao), GFR and RPF rose, usually in parallel fashion, in most of these studies. Again, however, these changes usually did not appear until 40-80 min after infusion of PTE was begun. Furthermore, there was often an initial decline in GFR at a time when urinary pH and bicarbonate were rising (Fig. 4) . Thus, the hemodynamic changes that follow the administration of PTE cannot explain the decrease it produces in urinary hydrogen ion excretion. Changes in sodim, chloride, and pot&sium excretion. In most studies a rise in urinary sodium and potassium excretion accompanied the rise inJ urinary pH and bicarbonate.
Chloride excretion, which was measured in nine experiments, rose in four and remained unchanged in five. Four studies were performed in three dogs after 3 weeks of sodium restriction (Fig. 5) Effect of urinary bu$er content. Changes in urinary pH following administration of PTE in two dogs and in two human subjects excreting urine of lower buffer content were compared to those in the same subjects excreting urine of high buffer content. A representative study is shown in Table 2 , and Fig. 6 shows the results in all four studies. Although the initial pH of the urine was lower in all subjects when urinary buffer excretion was low, the final urinary pH with PTE during the period of high buffer excretion was nearly identical in each subject to the final pH during the period of low buffer excretion (Fig. 6 ). Significant increases in urinary pH occurred in each subject after the excretion of TA -HCO, had been increased nearly IO-fold. It thus appeared that the change in urinary hydrogen ion concentration that resulted from PTE was independent of buffer excretion in the urine.
Response to PTE in dogs with moderately severe metabolic acidosis. Seven studies were performed in dogs made acidotic by administration of IOO mmoles of ammonium chloride daily for 4 days before study. Arterial pH varied from 7. I 8 to 7.24, serum bicarbonate from IO to 16 mEq/ liter, and serum chloride from I IO to I 24 mEq/liter. In three of these studies there was a minimal rise of urinary pH (0.6, 0.8, and 0.8) with a transient fall in TA -HCO, and ammonium excretion following administration of PTE. In the other studies, no significant change in acid excretion occurred.
In five of these studies, urinary sodium and potassium rose with PTE and in a sixth urinary potassium rose. It thus appeared that an increased stimulus to hydrogen ion secretion could prevent the alkalinization of the urine induced by PTE. Changes in serum calcium. Serum calcium concentration was measured in seven studies. In a single experiment an increase of I .o mg/r oo ml in serum calcium occurred in the 4th hr following administration of purified parathyroid hormone.
In the other six experiments, no change in serum calcium concentration occurred during the 3 hr of PTE administration.
Changes in urineJlow. Changes in urine flow were variable and showed no relationship to the changes in urine PH. In some studies there was an abrupt reduction in urine flow with PTE, associated with a decline in CH~O, (12) observed with crude PTE changes very similar to those described in the present report.
In four healthy male subjects receiving PTE, they observed immediate increases in urinary pH and bicarbonate, associated with decreases in ammonium and TA -HCOS-. Chloride excretion rose in two subjects and remained unchanged in two. Sodium excretion increased in the three subjects in whom it was measured, and potassium excretion increased in the two subjects in whom it was measured. (pH ~~4) to the urine. Such P, acting as hydrogen acceptor, could increase urinary pH, increase urinary bicarbonate, and, as pH rose, decrease urinary ammonium. Without a change in H ion secretion, however, the addition of such P could have no effect on the sum of TA -HCO, plus NH4+.4 The addition of filtered P to an acid tubular urine would increase the pH as some HPOd= was converted to H2P04-.
Further, to the extent that secreted H ions which would have served to remove tubular bicarbonate as carbonic acid are "accepted" instead by HPOd=, urinary bicarbonate would increase. Finally, the rise of pH would decrease the amount of ammonia attracted to the tubular urine to form ammonium. The net effect, however, is merely I) excretion in the form of H2P04-of some H ion which would have been reabsorbed with bicarbonate, together with the unreabsorbed bicarbonate (TA rising and HCO, rising and TA -HCO, remaining unchanged) and 2) excretion in the form of HgPO, of some H ion which would have accompanied NH& as NH4+ (TA -HC03-rising and NHd+ falling and TA - If the reabsorption of sodium in the proximal tubule involves the exchange of sodium for hydrogen ions ( I S), this would cause a reduction in hydrogen ion secretion. Consequently, a corresponding amount of bicarbonate would escape reabsorption. Furthermore, more sodium would be delivered to the distal tubular site where potassium is secreted, and allow a rise in urinary potassium such as that seen with PTE. In all but three of the studies, urinary potassium, or sodium plus potassium, rose with the rise of urinary pH following administration of PTE. In the severely acidotic dogs (see above), in which PTE failed to change the urinary pH, it did cause a rise in urinary potassium (five studies out of six). This suggests a distal exchange of potassium for the sodium released by the action of PTE on proximal tubular sodium reabsorption, even when, in animals secreting hydrogen ions at greatly increased rates, all bicarbonate so released was later reabsorbed. It is difficult to distinguish with results such as these an effect of parathyroid hormone on sodium reabsorption from an effect on hydrogen ion secretion. Indeed, if these two processes represent an exchange, they probably cannot be separated.
However, a single feature of the results suggests that parathyroid hormone may interfere with the kidney's ability to produce or maintain a hydrogen ion gradient across the tubular wall. When the HELLMAN, AU, AND BARTTER action of PTE in subjects excreting small amounts of buffer was compared with that in the same subjects excreting large amounts of buffer, the final urinary pH was the same in each subject, and the lowest pH under the influence of PTE was 6.6. Thus, a gradient of 0.8 pH units (7.4-6.6) ( a sixfold hydrogen ion gradient) was the highest found with PTE. The change was the same whether net hydrogen ion secretion was relatively low or, as with the experiments on high-phosphate intake, relatively high (Fig. 6) .
These observations may have certain clinical implications. There are recurring reports that impairment of urinary acidification may occur with hyperparathyroidism and disappear or improve after removal of parathyroid adenomas (8, 16, 28) . This may represent an influence of parathyroid hormone on urinary acidification similar to that reported in the present studies, However, persistent hypercalcemia and hypercalciuria may have produced tubular damage in the subjects of th .ese reports, and this may explain the effect on acidification without a direct action of parathyroid hormone.
